Material Supplementary 7.DC1.html http://www.jimmunol.org/content/suppl/2013/07/15/jimmunol.120356 Subscriptions http://jimmunol.org/subscriptions is online at: The Journal of Immunology Information about subscribing to
R egulatory T cells (Treg) are essential for systemic immune homeostasis. However, despite over a decade of intense research, the molecular understanding of Treg function during active immune and autoimmune responses is still incomplete. microRNAs (miRNAs) are important posttranscriptional regulators of gene expression that form an integral component of cellular biology. Treg-specific ablation of key genes of miRNA biogenesis including Dicer (1-3), Drosha (2), and Dgcr8 (4) leads to a scurfy-like syndrome illustrating that global expression of miRNAs is essential for Treg-mediated immune homeostasis. Yet, the role of individual miRNAs in Treg function is largely unresolved (5) .
The miR-17-92 miRNA cluster is transcribed as a polycistronic primary transcript encoding six miRNAs from four different seed families (miR-17, miR-18a, miR-19a, miR-20a, miR-19b, and miR-92). Two paralog miRNA clusters (miR-106a-363 and miR-106b-25) differ from the miR-17-92 cluster in their number of miRNAs. Oncogenic properties of miR-17-92 have been well documented (6) , and more recently, miR-17-92 was found to be physiologically relevant for lung, heart, and skeletal development (7) (8) (9) . miR-17-92-deficient mice display impaired B cell development but have normal T cell numbers (7) . However, miR-17-92 promotes T cell survival and efficient Th1 responses, regulates CD8 effector versus memory differentiation, and inhibits TGF-b-induced in vitro differentiation into induced Tregs (10, 11) . miR-17-92 is induced upon T cell activation, but the functional relevance of this upregulation and its inductive signals have not been addressed (12, 13) . Transgenic (Tg) miR-17-92 overexpression in T and B cells was sufficient for the development of lymphoproliferative disease and autoimmunity, but the underlying mechanisms of the autoimmunity remain obscure (14) . T cells from miR-17-92 Tg mice displayed mildly increased proliferative capacity and survival, possibly through phosphatase and tensin homolog deleted on chromosome 10 (Pten) and BCL-2-interacting mediator of cell death (Bim) repression (14) . Of note, members of the miR-17-92 cluster are dysregulated in peripheral blood specimens from multiple sclerosis (MS) patients (15, 16) .
T cell activation requires binding of the TCR to its cognate peptide presented on MHC molecules by APCs. APCs provide a second signal called costimulation to allow full activation. The prototypical costimulatory molecule is CD28, which binds to its receptors CD80 and CD86. T cell costimulation equips cells with properties necessary to cope with the specific activation-induced stress response (17) , enabling the cells to survive and undergo clonal expansion. Thus, triggering of CD28 induces metabolic changes (18) and enhances survival and proliferation (19) .
We have previously demonstrated that CD28-mediated costimulation was an intrinsic requirement for Treg development and function. CD28 engagement is particularly important for thymic development and peripheral survival of Tregs. CD28-deficient or CTLA-4Ig-treated mice have a marked reduction of CD4 + CD25 + Foxp3 + Tregs (20) , and on a susceptible genetic background, these mice develop accelerated diabetes (21) . Because Tregs do not produce IL-2, the results suggested that the requirement for CD28 was related to the metabolic and survival functions of this pathway. It is well established that CD28 triggering induces a specific gene expression signature including upregulation of prosurvival genes (Bcl-x L and Bcl-2), downregulation of proapoptotic genes (e.g., Bim), differential expression of transcription factors, and upregulation of cytokine receptors such as the IL-2Ra-chain (CD25) that further enhance survival and proliferation (19) . In part, this is achieved through enhancement of PI3K signals by CD28-mediated inhibition of the PI3K inhibitor PTEN (22) .
Finally, a multitude of mechanisms have been postulated to explain Treg-suppressive activity (23) . The emerging view is that Treg integrate environmental cues leading to phenotypic and functional diversification through induction of various transcription factors. Thus, subsets of Treg may use different cell surface molecules and soluble factors to suppress immunity depending on their microenvironment. One of the suppressive mechanisms, production of the inhibitory cytokine IL-10 by Foxp3 + Treg, plays a limited physiologic role in systemic homeostasis and mainly affects Treg function in mucosal tissues (24) . In contrast, solid evidence demonstrates that IL-10 produced by Tregs plays an important role in controlling experimental autoimmune encephalitis (EAE), a murine model of multiple sclerosis. Importantly, adoptively transferred IL-10-deficient Tregs cannot prevent EAE (25) .
In summary, Tregs are highly costimulation dependent, and miRNAs are essential for Treg function. These two complementary research areas led to the study of CD28-regulated miRNAs in Treg biology. Using a combination of miRNA microarray, conditional gene disruption, and tetramer technology, we found that miR-17-92 is upregulated by CD28-mediated costimulation and is required for IL-10 production and the accumulation of Ag-specific Tregs in EAE, a concept with potentially important diagnostic and/or therapeutic implications.
Materials and Methods

Human blood
Whole blood was obtained via venipuncture from healthy adult volunteers (males, age range: [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . Blood was collected in sodium heparin-containing Vacutainer tubes (BD Biosciences). PBMCs were isolated using Ficoll-Paque PLUS (Amersham Biosciences), as described previously (26) .
Isolation and activation of human CD4 + CD45RA + T cells
For microarray analysis, CD4 + CD45RA + T cells were isolated on a BD FACSAria II cell sorter (BD Biosciences) using anti-CD4 (clone SK3; BD Biosciences) and CD45RA (clone HI100; BD Biosciences). Cells with .99% purity were seeded at a density of 1 3 10 6 cells/ml RPMI 1640 medium supplemented with 5% human heat-inactivated pooled AB serum (Valley Biomedical). Cells were activated with latex beads conjugated to control Ab (clone MPC-11; BD Biosciences) or Abs specific for anti-CD3 (clone OKT3) or to both anti-CD3 and anti-CD28 (clone 9.3). Activation was confirmed by flow cytometry on a BD Biosciences FACSCalibur using anti-CD25 (clone 2A3; BD Biosciences) and anti-CD69 (clone L78; BD Biosciences).
Flow cytometry
Flow cytometry and fluorescence activated cell sorting was performed as described previously (1) . Live/dead discrimination was done using Live/ Dead Fixable Violet Dead Cell Staining kit, according to the manufacturer's recommendations (Invitrogen Life Technologies). For intracellular cytokine staining (IFN-g [clone XMG1.2], IL-17A [clone eBio 17B7], and IL-10 [clone JES5-16E3]; eBioscience), cells were stimulated for 3 h with 10 ng/ml PMA (Sigma-Aldrich), 0.5 mM ionomycin (Sigma-Aldrich), and 3 mM monensin. IL-10 staining: after viability and surface staining cells were resuspended in 100 ml BD Cytofix (BD Biosciences) and incubated for 15 min at room temperature. After washing, cells were stained for 1 h at room temperature with intracellular Abs diluted in 100 ml Invitrogen Fix & Perm medium B. Cells were then washed with BD Perm/ Wash buffer. Anti-Ki67 (clone B56; BD Biosciences) was costained with the Foxp3 staining in Foxp3 Perm buffer (eBioscience). Acquisition was performed uncompensated on a BD LSR II using BD FACSDiva software. Data were then exported as FCS 3.0 for compensation and analysis in FlowJo for Mac (always latest version up to 9.4.10; Tree Star). Normalization for mean fluorescence intensity (MFI) across multiple experiments: the average MFI of control samples was defined as an MFI of 1. All other values were normalized as fold difference to this average.
RNA preparation and microarray analysis
RNA samples for microarray were prepared with TRIzol (Invitrogen) according to the manufacturer's instructions. RNA integrity was confirmed with a Bioanalyzer 2100 (Agilent); only samples with a RIN $ 7.5 were processed further. RNA samples for quantitative real-time PCR analysis were extracted using the RNAeasy kit (Qiagen) using the manufacturer's recommended protocol. The miRNA microarrays were miRCURY LNA microRNA arrays (Exiqon). miRNA array labeling, hybridization and scanning were performed at the University of California San Francisco (UCSF) Gladstone Genomics Core. Array data were analyzed using GeneSpring GX software (Agilent). Raw data are available at Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/) with accession number GSE36071.
Quantitative real-time PCR
For miRNAs, RNA was reverse transcribed using the TaqMan MicroRNA Reverse Transcription Kit (Applied Biosystems) following the manufacturer's instructions. The reverse and forward primers as well as the probes used in this step were designed as previously described (27) and obtained from Integrated DNA Technologies. Sequences can be found at http://urology.ucsf. edu/blellochlab/protocols/miRNAqPCRsequences.txt. The controls for the human and mouse samples were the small RNAs RNU24 and Sno234, respectively (Applied Biosystems).
For mRNAs RNA was reverse transcribed using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). A Dgcr8 primer/probe kit was from Applied Biosystems. cDNAs were amplified with TaqMan Fast Real-Time PCR Universal Master Mix (23) , no AmpErase UNG (Applied Biosystems) in the cycler system 7500 Fast Real-Time PCR system (Applied Biosystems).
Mice
Conditional miR-17-92lox mice (7) were obtained from The Jackson Laboratory (Bar Harbor, ME). Foxp3-GFP-cre1a hi (Mouse Genome Informatics [MGI], http://www.informatics.jax.org/: 4430213) (1), Pten lox (MGI: 3819698) (28), and Bim knockout (KO) (MGI: 2156498) (29) mice have been described previously. Mice were on a genetically mixed background crossed to B6.miR-17-92lox to have at least 50% H-2 b .
Isolation of mouse T cells
Single-cell suspensions were obtained from the spleen (Spl) and lymph nodes (LNs) of euthanized mice. Cells were washed and filtered before being sorted on a Moflo (DakoCytomation) for CD4 + CD62L + cells and CD4 + CD62L + Foxp3-GFP + cells, as described previously (30) . Cells were activated with plate-bound anti-mouse CD3 (clone 145-2C11) with or without anti-mouse CD28 (clone PV-1).
EAE induction
EAE was induced as described previously (31) . Briefly, 200 mg myelin oligodendrocyte glycoprotein (MOG) peptide (Genemed Synthesis) emulsified in CFA (Sigma-Aldrich) was injected s.c. in each mouse. Mice were injected i.p. with pertussis toxin (400 ng/dose; List Biological Labs) on days 0 and 2 after immunization.
Tetramer staining and pulldown
APC-labeled mouse I-A b myelin oligodendrocyte glycoprotein peptide 38-49 (GWYRSPFSRVVH) and I-A b human class II-associated invariant chain peptide 103-117 (PVSKMRMATPLLMQA) as a negative control to set gates were from the Emory National Institutes of Health Tetramer Facility (http://tetramer.yerkes.emory.edu/). MOG Tetramer staining and enrichment were done as described previously (32) .
Lymphocyte isolation from CNS
Isolation of lymphocytes from the CNS was performed following a protocol modified from Ref. 33 . Briefly, anesthetized mice were perfused with icecold PBS through the left cardiac ventricle until the effluent ran clear. Spinal cord was blown out using hydrostatic pressure, and cerebellum and brain stem were dissected, cut into pieces, and then digested at 37˚C for 30 min with 320 U/ml collagenase D (Roche) and 50 mg/ml DNase I (Roche). Cells were separated from myelin by passing the digestion mix through a 40-mm Nytex strainer followed by a Percoll gradient (30/70%) (Amersham Biosciences). Mononuclear cells were removed from the interphase, washed, and resuspended in staining buffer for flow cytometry or cell culture media for restimulation.
Statistics
For statistical analysis Prism 5.0 (GraphPad Software) was used. *p # 0.05, **p # 0.01, ***p # 0.001, and ****p # 0.0001. Differences between groups were considered statistically significant if the null hypothesis was rejected by a p value of #5%. No data points were excluded from the analysis unless specified otherwise.
Study approval
Human blood. Informed written consent from healthy blood donors was obtained in accordance with the reviewed and approved policies and procedures at UCSF. Ethics approval was granted by the UCSF Institutional Review Board (approval number H7023-22712-08).
Mice. Mice used for all experiments were housed and bred under specific pathogen-free conditions in the Animal Barrier Facility of the UCSF Animal Barrier Facility. All animal experiments were approved by the Institutional Animal Care and Use Committee of UCSF (approval numbers AN083988-01 and AN082188-02).
Results
miR-17-92 is part of the CD28 costimulatory network
CD28 costimulatory signals and miRNAs are both critical for Treg function, but their interconnectivity has not been investigated in Tregs. To study whether miRNAs are involved in T cell costimulation/activation, we generated a miRNA expression signature from purified human naive conventional CD4 + T cells stimulated with anti-CD3 alone or anti-CD3 and anti-CD28 (Supplemental Fig. 1 ). As previously reported, miR-155 was strongly upregulated after maximal activation with the combination of TCR/CD3 and CD28 stimulus. However, the majority of the upregulated miR-NAs were encoded by only three gene loci, all members of the miR-17-92 cluster and its paralogs. Quantitative PCR analysis confirmed miR-17 upregulation (data not shown). To investigate the functional relevance of CD28-mediated miR-17-92 upregulation, we turned our attention to murine T cells because of the availability of a conditional gene ablation mouse model allowing a thorough in vivo analysis (7) . miR-17, which is a unique representative miRNA of the miR-17-92 cluster, was markedly upregulated in mouse naive CD4 + T cell samples stimulated with the combination of anti-CD3 and anti-CD28 ( Fig. 1A ). miR-155 induction followed a similar CD28-dependent pattern. We observed low-level induction of both miR-17-92 and miR-155 in some samples stimulated with anti-CD3 alone. Kinetic analyses of miR-17 expression showed no change at 6 h poststimulation, but upregulation was detected by 12 h poststimulation and further increased at 24 h when stimulated with the combination of anti-CD3 and anti-CD28 ( Fig. 1B ). In addition, we examined the expression of miR-17 specifically in the highly CD28 costimulation-dependent Treg subset. As in conventional T cells (Tconvs), anti-CD3 stimulation alone neither induced miR-17 nor miR-155 (Fig. 1C) . In contrast, combined anti-CD3 and CD28 triggering induced miR-17 as well as miR-155 ( Fig. 1C ). We note that the relative induction of both miRNAs was smaller in Tregs than Tconvs. Because both cell types were activated using the same conditions, this most likely reflects the reduced activation potential of Foxp3 expressing Treg in vitro.
Mice with a T cell-specific lack of miR-17-92 had normal numbers of Tconvs and Tregs and remained healthy as reported previously (D. de Kouchkovsky, J.A. Bluestone, and L.T. Jeker, unpublished observations) (10) . In contrast to Jiang et al. (10) , we only observed a minor proliferative disadvantage when the anti-CD28 signal was titrated but not with strong activation signals (34) . Thus, miR-17-92 miRNAs are part of the costimulatory network and are necessary for optimal CD28 costimulation and maximal T cell activation under certain conditions.
Treg-specific miR-17-92 deficiency does not affect immune homeostasis
To investigate the function of miR-17-92 in Treg in vivo, we crossed the conditional miR-17-92 mice to Foxp3-GFP-hCre Tg mice (1). These mice, designated Treg miR-17-922/2 , developed normally, bred, and remained healthy up to 12 mo of age (data not shown). Aged Treg miR-17-922/2 mice had Treg frequencies and Foxp3 expression in LNs and Spl comparable to control littermates ( Fig. 2A ) and did not show any increase in activated CD4 + Foxp3 2 CD44 + CD62L lo cells (Fig. 2B ). Thus, in contrast to ablation of all miRNAs, the miR-17-92 cluster is largely dispensable for Tconvs (D. de Kouchkovsky, J.A. Bluestone, and L.T. Jeker, unpublished observations) and Tregs under homeostatic conditions, a finding similar to a previous report (10) . This could reflect redundancy of paralog miRNA clusters that compensate for loss of miR-17-92 expression or that the effects of miR-17-92 deletion are only observed under stress conditions with endogenous Ags in vivo. This latter concept is supported by the general agreement that miRNAs are considered fine-tuners of biologic processes forming a protective layer of regulatory elements capable of stabilizing genetic networks under stress (35) (36) (37) (38) .
miR-17-92 expression is essential for Treg function during an autoimmune-mediated stress response
To assess Treg miR-17-922/2 function in a disease model that is highly dependent on Tregs, we primed mice with MOG emulsified in CFA to induce EAE. miR-17-92 proved essential to Treg function in this model of acute autoimmune disease because Treg miR-17-922/2 mice developed much more severe disease and failed to go into remission compared with control littermates (Fig.  3A, 3B ). The clinical disease course strikingly resembled clinical EAE scores of mice with anti-CD25 Ab-mediated Treg depletion (39) , indicating that Tregs may be absent or dysfunctional in Treg miR-17-922/2 mice. However, although polyclonal Treg fre-quencies at peak of disease (day 15 postpriming) in CNS isolates were mildly reduced, there was no difference in absolute numbers of Tregs in Treg miR-17-922/2 mice compared with control mice (Fig. 3C ). Moreover, polyclonal Treg frequencies in control mice inversely correlated with clinical disease (Fig. 3D ). Mice with severe disease (clinical scores $ 3) showed no difference in polyclonal Treg frequency between Treg miR-17-922/2 and control mice ( Fig. 3E, 3F ). Therefore, we hypothesized that either Treg function must have been impaired or that a small subset, perhaps the neural Ag-specific Tregs, were affected by miR-17-92 deficiency.
miR-17-92 preserves Ag-specific Tregs during priming in vivo
To avoid secondary effects because of inflammation, we studied Treg miR-17-922/2 mice at day 7 post-MOG/CFA priming (i.e., before onset of clinical disease) ( Fig. 3A ). At this time point, pooled LN and Spl cellularity were comparable between control and Treg miR-17-922/2 mice (Fig. 4A) . We compared the results to mice that were either heterozygous or homozygous for the conditional miR-17-92 allele but lacking the Foxp3-GFP-hCre BAC (designated Cre-) as well as mice carrying the Foxp3-GFP-hCre BAC alone (miR-17-92 wild-type) to exclude artifacts because of the applied cre/loxP technology (40) . We did not observe any relevant differences between the two control groups (Fig. 4A, 4B ). The frequencies of Foxp3 + Tregs were comparable in control and Treg miR-17-922/2 mice (Fig. 4B ). Thus, relative and absolute numbers of polyclonal Tregs were comparable at day 7 postpriming (d7) in LNs and Spl and mildly reduced at day 15 in CNS. Next, we investigated whether the increased susceptibility of Treg miR-17-922/2 mice to EAE could be a consequence of changes in Ag-specific Treg development. MOG38-49/I-A b tetramers were used to detect MOG-specific Treg in d7 LN and Spl (Fig. 4C) (32, 33) . We could not find any difference in the frequencies of Tconvs or Foxp3 + CD25 + Tregs in naive CD4 + CD44 2 tetramer 2 T cells or CD4 + CD44 + tetramer 2 T cells (Fig. 4D) . In contrast, Treg miR-17-922/2 mice had markedly reduced Ag-specific CD4 + CD44 + tetramer + Treg/Tconv ratios than control mice (Fig. 4D ). This was not due to more conventional T cells (data not shown) but rather reflected reduced absolute numbers of Ag-specific Tregs. miR-17-92-deficient Treg had normal expression of CD127, GITR, CD103, and Neuropilin-1 (Supplemental Fig. 2A-D) but showed a slight reduction of CTLA-4 (Supplemental Fig. 2E ). Ag-specific miR-17-92-deficient Tregs upregulated CD25 to the same degree as control Tregs and greater than tetramer 2 Tregs (Fig. 4E) . These results suggest that tetramer + Tregs receive a stronger TCR signal and therefore display stronger activation. In this regard, CD69, another activation marker, was increased as well on miR-17-92deficient Treg (Supplemental Fig. 2F ) as previously observed in Dicer-deficient CD8 + T cells (41) . Bioinformatic analysis predicts multiple miR-17-92 binding sites in the CD69 39-untranslated region (42) , suggesting that the elevated CD69 in Tregs may be due to direct derepression. Taken together, these results suggest that the activation of Treg was not affected by the miR-17-92 deficiency.
Normal proliferation of miR-17-92-deficient Tregs in vivo
On the basis of previous reports supporting a physiologic role for miR-17-92 in the enhancement of cell proliferation (14) , we took advantage of Ki67 to measure the proliferation of Tregs at d7 postpriming. Naive CD4 + CD44 2 tetramer 2 Tconvs and Tregs were all nonproliferating Ki67 2 (Fig. 5B ). MOG tetramer 2 Tconvs and Tregs, expressing an activated CD44 + phenotype, displayed a bimodal Ki67 distribution (with Ki67 + cells representing about half of the cells). These results suggested cellular test (A, B) . Relative numbers of Foxp3 + Tregs: p = 0.3602 (LN); p = 0.1775 (SP). Relative numbers of CD44 + CD62L lo : p = 0.2468 (LN); p = 0.9307 (SP). ko, Knockout. heterogeneity in these populations perhaps reflecting a small subpopulation of Ag-specific cells not defined by tetramer staining (Fig. 5B ). All the Foxp3 + Tregs were Ki67 + among the population of Ag-specific CD4 + CD44 + tetramer + T cells (Fig. 5B, 5C ). Because Treg activation and proliferation are normal in the absence of miR-17-92, these results suggest that the reduced number of Ag-specific Tregs (Fig. 4D ) likely reflected increased cell death. Thus, in contrast to homeostatic conditions, miR-17-92 deficiency severely and selectively affected Ag-specific Treg accumulation in the inflammatory milieu in vivo.
The frequency of miR-17-92-deficient Ag-specific Tregs cannot be rescued by Pten deficiency or Bim heterozygosity
There are a number of gene targets that have been validated as directly miR-17-92 regulated (14) . Among them, both PTEN and the proapoptotic molecule, BIM, have been shown to be CD28 costimulation dependent and implicated in T cell activation (22) . Therefore, we examined whether one or both of these genes could explain the reduction of tetramer + miR-17-92-deficient Tregs. To test the importance of miR-17-92-mediated Pten repression in Tregs in vivo, we performed genetic rescue experiments. Deleting one or both Pten alleles specifically in Tregs did not change overall Treg numbers in the analyzed 6-to 8-wk-old mice, and MOG/CFA priming did not result in a different overall cellularity (data not shown). Similar to data presented in Fig. 4D , frequencies of Ag-specific Tregs were significantly reduced in Treg lacking miR-17-92 compared with control mice confirming our findings in an independent cohort of mice (Fig. 6A) . Limiting Pten to one allele or deleting it entirely in Tregs did not result in an increased frequency of Ag-specific Treg. Thus, as read out by Ag-specific Treg numbers, Pten heterozygosity/deletion was not sufficient to compensate for miR-17-92 deficiency.
IL-2 is essential for Treg survival (43) , but eliminating Bim can restore Treg numbers in IL-2-or CD25-deficient mice, likely because BIM mediates cytokine deprivation-mediated apoptosis (44, 45) . Because conditional Bim mice are not available, we immunized Treg miR-17-922/2 :Bim wt/wt ,Treg miR-17-922/2 :Bim wt/2 as well as Bim wt/2 mice. Germline Bim heterozygosity did not increase overall cellularity in our model (data not shown). Bim heterozygosity did increase the frequency of Ag-specific Tregs in miR-17-92-sufficient control mice but was not sufficient to rescue miR-17-92 deficiency (Fig. 6B) . Thus, although miR-17-92 selectively protects the most vulnerable Ag-specific Tregs during priming, repression of Pten and Bim heterozygosity on their own are likely not sufficient for this protection, suggesting that alternative targets or combinations of targets are functionally relevant.
Normal numbers of Ag-specific Tregs in the CNS at peak disease
To investigate miR-17-92 function in Tregs at the site of inflammation, we examined the effect of Treg-specific miR-17-92 deficiency in the CNS during the peak of the inflammatory response (d15). The number of infiltrating cells was comparable in both groups (Fig. 7A) . Moreover, there was no difference in relative or absolute numbers of CNS infiltrating CD4 + T cells between mice with intact or miR-17-92-deficient Tregs (Fig. 7B) .
Importantly, the overall number of Tregs was not reduced when comparing the total Foxp3 + cells (Fig. 3C-F) . Unlike the reduction of Ag-specific Tregs in LNs, there was a significant number of remaining miR-17-92-deficient Tregs in the CNS, both tetramer + MOG-specific as well as CD44 + activated but MOG-tetramer 2 Tregs, which constituted the vast majority of the infiltrating Tregs (Fig. 7C ), suggesting that vigorous proliferation (Fig. 5 ) compensated for the loss of Ag-specific Tregs. Accordingly, the frequency and absolute numbers of CD4 + IFNg + IL-17A 2 (Th1) and CD4 + IFNg 2 IL-17A + (Th17) was comparable between the two groups (Fig. 8) . Importantly, the presence of substantial Treg numbers in the CNS suggested that the exacerbated disease might be due to more than just a consequence of impaired Treg expan- miR-17-92 regulates production of IL-10 by Foxp3 + Tregs CD28-mediated costimulation is required for the production of the immunosuppressive cytokine IL-10 in Tregs, an effect that is enhanced by IL-2 (46) . Because Treg-secreted IL-10 is a major mechanism of Treg-mediated control of EAE (25) , we examined the role of miR-17-92 in IL-10 secretion by Tregs in the CNS at peak disease. Although IL-10 was readily detected in Tregs (CD4 + CD25 + or CD4 + GFP + ) isolated from control mice (Fig. 9A) , Treg miR-17-922/2 mice had reduced frequencies of IL-10-producing Tregs (Fig. 9A, 9B) . Because the number of Tregs was comparable in control and Treg miR-17-922/2 mice (Fig. 3C) , a reduced frequency of IL-10-producing Tregs also means a reduced absolute number of IL-10-producing Tregs. The frequency of IL-10-producing control Tregs positively correlated with disease severity. In contrast, the relative number of IL-10-producing miR-17-92-deficient Tregs, independently of clinical score, was comparable to that in control mice with mild disease (Fig. 9C) . The reduction of IL-10-producing Tregs was even more apparent in the Ag-specific Tregs (Fig. 9D, 9E) , demonstrating that the reduced frequency of IL-10-producing Tregs was not a consequence of reduced Ag-specific Treg but rather most likely reflected defective differentiation into IL-10-producing effector Tregs (47) .
Discussion
Despite evidence of the overall importance of miRNAs as regulatory elements of Treg function and survival, very few individual miRNAs have been characterized in Tregs in vivo (5) . Although Dicer, Drosha, and Dgcr8 ablation in Tregs leads to spontaneous loss of tolerance and a scurfy-like disease (1) (2) (3) (4) , no single miRNA accounting for an equally dramatic loss of Treg function when ablated specifically in Treg has been found yet. The direct Foxp3 target bic/miR-155 facilitates IL-2 signaling and thus promotes Treg survival but is largely dispensable for Treg function (48, 49) . miR-146a is required to suppress Th1-type inflammation in a high-stress setting, but its function under homeostatic conditions remains to be determined (50) . In this study, we observed that a single miRNA cluster, miR-17-92, was upregulated during T cell activation in a CD28 costimulation-dependent manner and had a dramatic effect on the development of organ-specific autoimmunity. Specifically, miR-17-92 deficiency severely reduced the frequency of Ag-specific Tregs in LNs during priming as well as their quality in the effector tissue where miR-17-92 expression in Tregs was required for IL-10 production.
Like other miRNAs that are highly expressed in Tregs (e.g., miR-155), we observed that the miR-17-92 cluster is largely dispensable under homeostatic conditions. miRNAs are often considered "rheostats" or fine-tuners of mammalian gene expression as individual miRNAs only mildly regulate their hundreds of simultaneously targeted genes (35, 36) . Accumulating observations suggest that miRNA rheostat function may only be revealed after a cell has to respond to a change in its environment (i.e., a specific stress) (37, 38, 51) . In fact, most individual miRNAs (52) and even many miRNA families altogether (53) are dispensable under homeostatic conditions, indicating that a certain degree of fluctuation or imprecision of gene expression is well tolerated. In contrast, all components of a genetic network need to be optimally regulated during stress. Therefore, stress stimuli can reveal underappreciated miRNA functions (54) .
T cell activation induces a specific stress response (17) , and therefore, Ag challenge can serve as a model of a specific, temporally controlled stress stimulus in vivo. The prototypical costimulatory molecule CD28 promotes proliferation and survival but, in addition, induces metabolic changes that are not simply a consequence of T cell activation but are active and excessive processes anticipating increased energy needs ensuring that the activated cells can cope with the induced stress (18) . Therefore, we used peptide-MHC tetramers to track Ag-specific (tetramer + ) Tregs arising during a major stress response in vivo (autoimmunity) comparing them to tetramer 2 cells in the same autoimmune setting. Of note, although the total Treg population was miR-17-92 deficient, the effect of miR-17-92 disruption was selectively observed in the MOG Ag-specific Tregs where it directly affected Treg numbers during activation. The selective defect in the tet-ramer + Treg likely reflects that Tregs receiving cognate MOG-MHC TCR stimulus were the most strongly activated ones (as reflected by increased CD25 levels compared with tetramer 2 Tregs) and therefore were more dependent on miR-17-92 than Tregs that were not or not fully activated (tetramer 2 ). Of note, some Treg miR-17-922/2 mice displayed a small percentage of Foxp3 2 CD25 + cells among the tetramer + cells. Additional studies including lineage-tracing mice are needed to clarify whether those represent unstable Tregs that lost Foxp3 or activated Tconvs displaying high CD25 expression.
We propose that in miRNA-deficient Tregs (1-4) combined functional defects (as a consequence of multiple miRNA deficiencies) result in a total breakdown of Treg function, stability, and survival leading to a scurfy-like Treg deficiency. In contrast, the loss of miR-17-92 results in more subtle and selective Treg defects that are essential during Ag priming and at the site of inflammation where cytokines, and Ag-driven signals are poised to disrupt or amplify Treg function (55, 56) . In this regard, upon breaking of Treg tolerance and increasing autoreactive T cell ac-tivation, self-reactive Tregs become activated and expand in an attempt to control inflammation. The absence of the miR-17-92 cluster leads to an impairment of Ag-specific Tregs to accumulate at the site of Ag-priming and those that do accumulate lose their effector function as a result of an inability to produce IL-10, an immunoregulatory cytokine critical for the control of EAE. This reinforces a vicious cycle resulting in fulminant disease despite the presence of Foxp3 + Tregs (1) . In addition, the results demonstrated that miR-17-92 is an important component of the CD28 costimulatory program. Therefore, miR-17-92-mediated stress resistance likely plays an important role predominantly in those cells that receive proper activation signals by recognition of the cognate peptide-MHC in conjunction with a costimulatory signal from an activated APC. In contrast, Tregs, and possibly other T cells, recognizing only their peptide-MHC complex in the absence of a proper second signal including miR-17-92 regulation (e.g., on a nonactivated APC) are prone to die. It is important to note that miR-17-92 deficiency only mildly impaired T cell proliferation, and the phenotypic consequences cannot be fully . Two-tailed Mann-Whitney tests: (A) p = 0.4768; (B) p = 0.1262 (relative) and p = 0.0.8170 (absolute) numbers; (C) tetramer + , p = 0.2025; tetramer 2 , p = 0.0077. Shown is pooled data from five independent experiments; dots represent cells derived from individual mice. The representative FACS plots showing the tetramer/CD44 gating is from a control mouse.
accounted for by miR-17-92 control of PTEN or BIM pathways. Although normal proliferation but reduced cell numbers suggest cell death, we were not able to define which cell death pathway was activated. Despite our findings that neither Pten deficiency nor Bim heterozygosity were sufficient to restore Treg survival in the absence of miR-17-92, it is possible that their repression is functionally relevant in other cell types for other functions such as IL-10 secretion or through cooperation with other targets. As an example, during follicular Th cell differentiation Pten is a minor functionally relevant target (34) . Likewise, because the miR-17-92 cluster is redundant, it is possible that the paralog clusters miR-106a-363 and miR-106b-25 compensated to maintain proliferative capacity. However, in our model, the paralog clusters did not compensate for loss of miR-17-92 to produce IL-10.
Requirements for costimulation are cell-type and differentiation stage dependent, and costimulation can have different or even opposing roles for an immune response depending on the cell type that is stimulated (19) . In this regard, it is interesting to note that the expression of the miR-17-92 cluster opposes TGF-b-mediated iTreg induction in vitro (10) . In contrast, we observed just the opposite in natural Tregs, namely, that the expression of miR-17-92 is critical in maintaining this subset during an autoimmune response in vivo. This conundrum may be explained by the observation that strong costimulation has distinct effects on natural versus adaptive Treg induction wherein the former has a critical requirement for maximal TCR/costimulation signaling, whereas the latter subset of Tregs appear to develop and are maintained by a more limited TCR/CD28 signal (57) . Absence of miR-17-92, leading to an attenuated CD28 signal, would therefore result in increased TGF-b-mediated iTreg induction (10) . In addition, increased sensitivity to TGF-b (10, 58) in combination with reduced costimulation likely cooperates to promote Foxp3 induction in miR-17-92-deficient T cells. Future studies will need to address how miR-17-92 differentially affects natural versus adaptive Tregs and whether miR-17-92 has further opposing functions in other cell types or functional states, possibly because of other factors such as retinoic acid (57) or cytokines.
During the course of EAE, Treg-secreted IL-10 is key to the control of disease as adoptively transferred IL-10-deficient Tregs fail to suppress EAE (25) . The production of IL-10 by Tregs is dynamic, peaking during recovery where almost half of the Tregs in the CNS produce IL-10 (33). Of note, IL-10 production by Tregs is tissue dependent because CD4 + CD25 + cells in LNs produce much less IL-10 than their CNS Treg counterparts isolated from the same mice (39) . Thus, CNS Tregs likely adapt to their environment by sensing a signal such as a cytokine absent in the LN and respond with IL-10 secretion. Supporting this notion, we observed a positive correlation between clinical score and frequency of IL-10-producing Tregs in control mice, suggesting a feed forward loop in response to inflammation. The higher frequency of IL-10 + Tregs among Ag-specific Tregs compared with tetramer 2 Tregs most likely represents activation of Agspecific Tregs (reflected by higher CD25 expression). There are multiple scenarios that might explain why miR-17-92-deficient Tregs produce less IL-10: 1) miR-17-92 might be required for IL-10 production per se; 2) miR-17-92 could regulate the positive feedback loop and/or; 3) miR-17-92 could be required for the differentiation of Tregs into IL-10-producing effector Treg (47) . We have recently demonstrated that miR-17-92 plays a minor role promoting proliferation but is required for proper follicular Th cell differentiation. Furthermore, follicular Th cell but not polyclonal Treg numbers correlated strongly with miR-17-92 dose (34) . Importantly, follicular regulatory T cells are enriched in IL-10 mRNA compared with conventional Tregs (59) . In analogy, we hypothesize that the most likely explanation for the IL-10 defect is impaired differentiation. Because differentiation into IL-10-producing effector Tregs in tissues is mediated by Blimp-1 and IFN regulatory factor 4, future studies will need to address whether miR-17-92 regulates these genes directly or indirectly (47) . It remains to be tested whether miR-17-92 regulates IL-10 pro-duction in other cell types such as Foxp3 2 Tr1 cells or whether this function is unique to Tregs.
It should be noted that we still observed reduced IL-10 production in tetramer 2 cells, which are the majority of CD4 + T cells. Thus, either all Tregs may be affected (not only the tetramer + ones) or other Ag-specific Tregs (not reactive with the tetramers) are also affected. However, distinguishing these possibilities is difficult because tetramer 2 Tregs are a heterogeneous population where the Ag-nonspecific Tregs recruited by inflammation-induced chemoattractants cannot be distinguished easily from Agspecific Tregs recognizing other epitopes than those surveyed by the use of the MOG peptide tetramer. Nevertheless, this finding is in contrast to Treg accumulation in the LN where the absence of miR-17-92 led to a selective defect in tetramer + but not tetramer 2 Tregs.
Finally, it is noteworthy that miR-17-92-deficient Tregs were still able to control effector T cell responses in the CNS numerically. One possible explanation is that the reduced number of Agspecific Tregs during priming led to uncontrolled priming of effector T cells (Teffs). Because effector T cell numbers were not increased in Treg miR-17-922/2 mice, this could mean that Teff actually left the LN prematurely as suggested by the paper by Davidson and Shevach (60) that demonstrates that Tregs control Teff LN emigration in EAE. Whether increased CD69 on miR-17-92-deficient Tregs compromised Treg emigration and thus further contributed to disease remains to be tested (61) . If premature Teff egress from LN did occur, it was not sufficient to cause early onset disease in most Treg miR-17-922/2 mice. Thus, the normal numbers of total CD4 + , Th1, and Th17 cells in the CNS of Treg miR-17-922/2 mice suggest that the quality of the effector response is altered. Alternatively, it is possible that the restimulation with PMA/ ionomycin masked dysregulation of subsets of self-reactive Teff such as T cells reactive against MOG or other self-peptides. Further studies are needed to uncover whether increased disease severity was a result of unrestrained Teff function, impaired Treg migration/location, or impaired suppression of cells other than Th1 or Th17.
In summary, we propose that miR-17-92 controls multiple important Treg-intrinsic functions during several phases of Treg differentiation and/or function that may be controlled by nonoverlapping miR-17-92 targets. During Ag-priming miR-17-92 is induced by CD28 costimulation supporting accumulation of Agspecific Tregs, most likely by promoting survival. Later, once migrated into the effector tissue, miR-17-92 mediates sensing of some as yet unidentified inflammatory signal and/or differentiation into IL-10-producing Tregs. Because miRNAs target hundreds of genes, it is conceivable that miR-17-92 controls other functions as well. If the elevated CD69 levels are functionally relevant, miR-17-92 also might control migration and tissue location of Tregs. In addition, the mildly reduced CTLA-4 could further compromise Treg function. Therefore, the exacerbated EAE is unlikely to be exclusively because of the two described defects, but accumulation of Ag-specific Tregs and IL-10 production are likely important contributors. genotyping; Navdeep Grewal and Una Fan for help with histology; Shuwei Jiang and Mike Lee for cell sorting; Haopeng Wang for providing an optimized IL-10 staining protocol; the Emory National Institutes of Health Tetramer facility for tetramers (http://tetramer.yerkes.emory.edu/facility/ facility); Chris Barker and Yanxia Hao from the UCSF Gladstone Genomics Core for miRNA array; and Dr. Tak Mak (University Health Network, Toronto, ON, Canada) for PTEN lox mice.
Supplemental Figure 1 miR-17-92 cluster induction in human naive T cells depends on CD28 costimulation
Microarray analysis of miRNA expression in human CD4 + CD45RA + T cells stimulated for 24h with anti-CD3 alone or a combination of anti-CD3 and anti-CD28. Data are pooled from three experiments. 
